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Abstract Pathogens have played a substantial role in
human evolution, with past infections shaping genetic
variation at loci influencing immune function. We

selected 168 genes known to be involved in the immune
response, genotyped common single nucleotide poly-
morphisms across each gene in three population samples
(CEPH Europeans from Utah, Han Chinese from
Guangxi, and Yoruba Nigerians from Southwest Nige-
ria) and searched for evidence of selection based on four
tests for non-neutral evolution: minor allele frequency
(MAF), derived allele frequency (DAF), Fst versus
heterozygosity and extended haplotype homozygosity
(EHH). Six of the 168 genes show some evidence for
non-neutral evolution in this initial screen, with two
showing similar signals in independent data from the
International HapMap Project. These analyses identify
two loci involved in immune function that are candi-
dates for having been subject to evolutionary selection,
and highlight a number of analytical challenges in
searching for selection in genome-wide polymorphism
data.

Report

It is likely that major selective forces in human history
included infection, starvation/dehydration, and surviv-
ing the peripartum period. Patterns of genetic variation
can be used to infer a past history of selection at a locus,
as different types of selection (purifying, positive, bal-
ancing) each leave a telltale signature in patterns of allele
frequencies and linkage disequilibrium. To date, some of
the strongest evidence for selection in the human gen-
ome have been identified at immunity-related loci, for
example, at the HLA (Walsh et al. 2003), and loci in-
volved in resistance to malaria (Hamblin et al. 2002;
Sabeti et al. 2002; Tishkoff et al. 1996). It would be
highly valuable to identify additional genes that show
signs of non-neutral evolution, as these would pro-
vide clues to genes which are lynchpins of the immune
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response, and in whom variation might influence infec-
tions and autoimmunity in the current population.

We set out to characterize genetic variation in 168
genes spanning 64 chromosomal regions (Table 1 and
Supplemental Table 1). Genes were chosen for their
broad immunological roles and/or because they lay in
pathways previously implicated in HIV susceptibility
(O’Brien and Nelson 2004). Our goals in generating this
dataset were twofold: first, as the project was under-
taken before data was available from the International
Haplotype Map Project, we aimed to guide selection of
‘‘tag’’ SNPs for subsequent genetic association studies.
Second, given that loci involved in the immune response
are candidates for having been subject to non-neutral
evolution, we wanted to evaluate whether any of these
genes stood out from distributions (a) expected under
neutral evolution based on simulations and (b) observed
at unlinked loci in empirical data from the 168 genes.

Our study included three population samples: 12
multi-generational families from Utah residents with
European ancestry from the CEPH collection (CEU) (96
independent chromosomes represented), 30 unrelated
Han Chinese trios from Guangxi (HCG) (120 indepen-
dent chromosomes) and 30 unrelated trios of the Yor-
uba people from the Southwest of Nigeria (YRS) (124
independent chromosomes). We surveyed variation in a
region spanning 20 kb up- and down-stream of each
coding sequence, with an additional ~10 SNPs per locus
typed at 40 kb intervals to evaluate signals of selection
based on long-range haplotypes. The SNPs were selected
from public databases in multiple batches over a
18 months period from July 2002 to December 2003;
preference was given to ‘‘double hit’’ SNPs which have
been shown to be more likely to be polymorphic (Reich
et al. 2003). These criteria bias ascertainment towards
higher frequency variants, and thus reduce representa-
tion of rare and population-specific variation.

Overall, assays for 2,504 ‘‘gene-based’’ SNPs were
tested, with 1,688 working, polymorphic assays devel-
oped (the remainder failing to meet quality standards or
non-polymorphic). Genotyping was done using three
technology platforms (Sequenom, Illumina, and ParAl-
lele), providing an independent assessment of the com-
parability and performance of each method
(Supplemental Fig. 1 and Materials and methods). For
those interested in using the data to characterize LD in
each region, or as a guide to association studies, detailed
information on the data is presented in Supplemental
Table 2 and on-line (http://www.broad.mit.edu/per-
sonal/pardis/CandidatePaper/). This includes assays for
each SNP, genotypes in each DNA sample, character-
istics of linkage disequilibrium and haplotypes, and
suggested tag SNPs. These data may be used in con-
junction with similar datasets collected by the Interna-
tional Haplotype Map Project (http://
www.hapmap.org), and/or Perlegen Sciences (Hinds
et al. 2005), to guide tag SNP selection at these loci.

We examined the 168 genes for possible positive
directional and balancing selection events based on four

statistical tests: three based on allele frequencies, and a
fourth based on the extent of long-range LD. A key
challenge in such an analysis is that SNP ascertainment
plays a major role in determining the spectrum of alleles
observed. These limitations mean (a) that statistical tests
must be tailored to incorporate known ascertainment
bias, and (b) that observations from such a study offer
no more than a screen for loci of interest which must
then be subjected to more detailed investigation. Spe-
cifically, for each test, we estimated statistical signifi-
cance by comparing the observed value for each gene to
a theoretical distribution generated by a population ge-
netic simulation. The population genetic simulation uses
parameters for population demography and recombi-
nation rate variation tailored to match a host of features
of population genetic data in large-scale datasets,
including the SNP ascertainment scheme used to gen-
erate dbSNP and select SNPs (Schaffner et al. 2005).
While the full details of each test are presented in
Methods, we describe each test in brief below.

The minor allele frequency (MAF) test assesses the
percentage of SNPs within a locus with low MAF
(<10%) and the percentage of SNPs within that locus
with high MAF (MAF>40%) and plots those per-
centages compared to simulated control (Fig. 1a–c). A
selective sweep causes a disproportionate number of
SNPs with rare MAFs, while recent balancing selection
causes an excess of SNPs with high MAF. We selected
the frequency thresholds based on their sensitivity to
detect selection in all three populations using power
calculations for extensive simulations of selection
(Schaffner et al. 2005).

The derived allele frequency (DAF) test is similar to
the MAF test however this test assesses the frequency of
derived (non-ancestral) alleles as determined by com-
parison to chimpanzee sequence. Derived alleles provide
a specific utility in detecting genetic hitchhiking; that is,
variation linked to an allele under positive selection can
hitchhike to low or high frequency, which could be de-
tected by an excess of derived alleles (Fay and Wu 2000).
We assess the percentage of SNPs in each locus with
DAF>80% and the percentage of DAF £ 20% and
plot compared to a simulated control (Fig. 1d–f).

FST versus heterozygosity (FST versus H) test combines
two traditional methods for detecting selection. As
geographically separated populations may be subject to
distinct selective environments, selection can increase
population differentiation at a selected locus. The FST

statistic (Taylor et al. 1995) assesses this by comparing
the frequency of an allele between populations. Het-
erozygosity assesses the genetic diversity within a pop-
ulation; a selective sweep can reduce genetic diversity
and balancing selection can increase genetic diversity.
We plot the average FST for a region between the pop-
ulation of study and both other populations in com-
parison to the average within-population haplotype
heterozygosity for that region (Fig. 1g–i). By comparing
FST and heterozygosity, it is possible to identify (a) loci
where FST is high and heterozygosity is low, indicating a
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Table 1 Region by region analysis of SNP coverage. Gene clusters
are named according to the first gene in the cluster per chromosomal
position and are given in italics. Average Maximal r2 (AM r2) is
computed as the average of the maximal r2 values for each SNP in
the dataset. Fraction Needed for each region is calculated as the

number of polymorphic SNPs less the number of SNPs highly
correlated with other SNPs divided by the total number of SNPs.
The final column indicates whether additional tag SNPs are likely
necessary for that gene/region in a particular populations (C CEU,
H HCG, Y YRS). Tags are listed in Supplemental Table 3

Gene
symbol

CHR Good
SNPs

kb
covered

Average
density

CEU
AM r2

HCG
AM r2

YRS
AM r2

CEU
Fraction
Needed

HCG
Fraction
Needed

YRS
Fraction
Needed

More
tSNPs
req’d

LCK 1 3 0.65 0.22 0 0 0.03 0.667 0.667 1 CHY
ABCD3 1 11 158.13 14.38 0.58 0.59 0.68 0.727 0.091 0.636 CY
VAV3 1 40 393.75 9.84 0.59 0.48 0.41 0.875 0.75 0.9 CHY
CD58 1 15 56.45 3.76 0.62 0.58 0.37 0.333 0.533 0.867 HY
MNDA cluster 1 266 2972.23 11.17 0.55 0.55 0.47 0.741 0.699 0.797 CHY
PTPRC 1 22 118.11 5.37 0.5 0.56 0.29 0.864 0.773 0.773 CHY
AGT 1 10 11.58 1.16 0.58 0.54 0.24 1 0.9 1 CHY
MAL 2 6 28.26 4.71 0.7 0.67 0.48 0.833 0.5 0.5 CY
IL1R2 cluster 2 70 602.67 8.61 0.64 0.63 0.53 0.671 0.743 0.843 CHY
IL1A cluster 2 45 182.83 4.06 0.57 0.4 0.41 0.8 0.333 0.889 CY
CD28 2 28 31.36 1.12 0.91 0.89 0.76 0.571 0.429 0.857 CY
SLC11A1 2 6 12.08 2.01 0.47 0.46 0.22 0.833 0.833 1 CHY
NCL 2 5 9.56 1.91 0.24 0.36 0.16 1 1 1 CHY
CAV3 3 8 12.96 1.62 0.37 0.44 0.27 1 1 1 CHY
CCR9 cluster 3 24 601.44 25.06 0.63 0.77 0.53 0.75 0.667 0.875 CHY
GC 4 41 42.35 1.03 0.63 0.68 0.63 0.244 0.585 0.854 HY
IL8 cluster 4 124 561.32 4.53 0.68 0.64 0.75 0.218 0.387 0.694
CXCL9 cluster 4 10 117.88 11.79 0.5 0.56 0.58 0.8 0.6 1 CHY
CXCL13 4 34 100.08 2.94 0.41 0.44 0.4 0.471 0.618 0.882 CHY
ABCG2 4 36 66.58 1.85 0.72 0.69 0.51 0.583 0.778 0.778 CHY
FACL6 cluster 5 25 153.27 6.13 0.76 0.76 0.57 0.6 0.36 0.72 CY
IRF1 cluster 5 75 831.84 11.09 0.76 0.69 0.59 0.56 0.413 0.827 CY
IL9 5 25 3.58 0.14 0.38 0.25 0.7 0.4 0.36 0.44
ETF1 cluster 5 15 160.40 10.69 0.7 0.62 0.71 0.6 0.133 0.733 CY
CD14 5 10 1.45 0.15 0.99 1 0.81 0.5 0.4 0.6
ITK 5 14 74.20 5.30 0.41 0.49 0.19 0.571 1 0.786 CHY
LCP2 5 16 49.30 3.08 0.33 0.31 0.12 0.813 0.875 0.875 CHY
FYN 6 85 212.14 2.50 0.89 0.89 0.79 0.412 0.353 0.529
IL6 7 6 4.80 0.80 0.52 0.44 0.55 0.333 0.5 0.667
PPIA 7 4 4.95 1.24 0.87 0.91 0.73 0.75 0.5 1 CY
ABCB1 7 26 209.39 8.05 0.65 0.6 0.52 0.654 0.808 0.692 CHY
CAV2 cluster 7 13 175.32 13.49 0.76 0.64 0.67 0.923 0.462 1 CY
DEFB1 cluster 8 20 178.86 8.94 0.26 0.37 0.19 0.9 0.85 0.9 CHY
LYN 8 24 130.76 5.45 0.66 0.44 0.49 0.75 0.333 0.875 CY
IFNB1cluster 9 48 387.84 8.08 0.58 0.55 0.54 0.479 0.667 0.875 HY
SYK 9 20 94.43 4.72 0.6 0.66 0.41 1 0.8 0.8 CHY
STOM 9 16 31.13 1.95 0.83 0.65 0.46 1 0.625 0.938 CHY
MBL2 10 6 6.32 1.05 0.74 0.66 0.28 0.667 0.667 1 CHY
THY1 11 5 2.76 0.55 0.48 0.61 0.38 1 0.8 1 CHY
CD4 12 10 31.26 3.13 0.34 0.38 0.16 1 1 0.9 CHY
CCNT1 12 6 24.03 4.00 0.71 0.83 0.62 0.333 0.167 1 Y
IFNG 12 7 40.83 5.83 0.96 0.86 0.72 0.571 0.571 0.857
STOML1 15 8 9.14 1.14 0.54 0.53 0.53 0.625 0.625 0.75 CHY
ABCC1 16 30 192.77 6.43 0.51 0.55 0.3 0.933 0.9 0.933 CHY
IL4R cluster 16 14 182.83 13.06 0.45 0.33 0.15 0.857 0.571 0.929 CHY
CCL22 cluster 16 6 155.64 25.94 0.39 0.32 0.14 0.833 0.833 1 CHY
HP 16 4 6.43 1.61 0.29 0 0 1 0.5 0.25 CHY
NOS2A 17 13 43.77 3.37 0.53 0.57 0.54 1 1 1 CHY
FLOT2 17 5 18.21 3.64 0.69 0.71 0.49 0.8 0.8 0.8 CHY
CCL2 cluster 17 34 133.34 3.92 0.69 0.7 0.6 0.765 0.471 0.706 CY
MMP28 cluster 17 45 1029.74 22.88 0.65 0.65 0.48 0.689 0.689 0.844 CHY
PHB 17 10 10.82 1.08 0.53 0.74 0.26 0.4 1 0.8 HY
ICAM2 17 11 4.15 0.38 0.26 0.3 0.2 0.727 0.727 0.909 CHY
LMAN1 18 10 29.37 2.94 0.49 0.57 0.54 1 1 0.7 CHY
NFATC1 18 8 135.26 16.91 0.04 0.08 0.06 0.5 0.625 1 HY
VAV1 19 23 84.65 3.68 0.56 0.5 0.31 0.87 0.652 0.913 CHY
ICAM1cluster 19 58 642.32 11.07 0.51 0.5 0.49 0.638 0.69 0.914 CHY
TGFB1 19 9 23.56 2.62 0.54 0.64 0.51 0.667 0.667 0.889 CHY
FUT2 19 13 23.99 1.85 0.62 0.02 0.69 0.385 0.308 0.692
RNPC2 20 14 38.47 2.75 0.67 0.65 0.77 0.214 0.071 0.643
SLPI 20 4 2.33 0.58 0.55 0.69 0.25 0.75 1 1 CHY
IFNAR2 cluster 21 39 521.46 13.37 0.55 0.55 0.43 0.718 0.41 0.769 CY
APOBEC3G 22 8 10.61 1.33 0.7 0.69 0.64 0.75 0.375 1 CY

94



possible selective sweep in a single population, or (b)
regions with high heterozygosity and high FST which
may signal population-specific balancing selection.

The relative extended haplotype homozygosity
(REHH) test compares, as a function of frequency, the
length of haplotype identity around each allele as com-
pared to an expected distribution (Fig. 2a–c). Under
random drift, new variants require a long time to reach
high frequency in the population, allowing the length of
haplotype sharing time to decay due to recombination
(Kimura 1983). Under positive selection, the time to
becoming common is foreshortened, such that selected
variants will carry unusually long haplotypes as com-
pared to other variants of the same frequency. Relative
EHH uses the extent of LD of other haplotypes at each
locus as a control for local variation in recombination
rate.

Empirical and expected distributions for each fre-
quency test are shown in Fig. 1. The first observation is

that the empirical and simulated data are largely over-
lapping, indicating that the population genetic simula-
tions (which were parameterized using completely
independent data) provide a good fit to the empirical
results. This agreement then allows examination of the
genes whose behavior appears to be an outlier relative
(a) to the simulated data and (b) relative to the other
members of the 168 genes examined.

Based on tests of allele frequency, three of the 168
genes stand out: IL-9, FUT2, and CAV2. At IL-9, the
signal is due to a single common haplotype (AAATGA)
that is very common in CEU and HCG (81.2 and 98.3%,
respectively), but half as frequent in YRS (at 43.8%)
(Figs. 1a, b, and g, Fig. 3a, and http://www.broad.mi-
t.edu/personal/pardis/CandidatePaper/). The IL9 gene is
an interleukin family member that has been shown to
influence T-cell and mast cell proliferation (Demoulin
and Renauld 1998) however little is known about its role
in human disease.

Fig. 1 Cross population analysis for signals of selection based on
regional allele frequency differences. Panels a, d, and g represent
data from the Chinese dataset, panels b, e, and h are from the
European dataset, and panels c, f, and i are from the Yoruba
dataset. In all panels gray dots indicated simulated data (Schaffner
et al. 2005), blue dots indicate each of the 64 genes/regions under
study, and red lines indicate average and 95% confidence intervals
based on the simulated data. Panels a–c plot the percentage of
SNPs with a MAF above 40% versus the percentage of SNPs with

a MAF below 10%. IL-9 is an outlier in HCG (p-value=0.029).
FUT2 is an outlier in YRS (p-value=4.09E-05). Panels d–f plot the
percentage of SNPs with a DAF above 80% versus the percentage
of SNPs with a DAF below 20%. CAV2 is an outlier in HCG
(p-value=2E-04) Panels g–i plot the average Fst for a region
against the average heterozygosity for a region. FUT2 is an outlier
in HCG (p-value=0.003) and YRS (p-value=0.008). IL-9 is an
outlier in HCG (p-value=0.025)
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In FUT2, we observe a large number of high-fre-
quency SNPs, and high heterozygosity, in the YRS
sample (Fig. 2c), but low heterozygosity for this region
in the HCG (with correspondingly high FST between
YRS and HCG). Of 13 SNPs polymorphic in at least
one population, only four are polymorphic in the HCG
and only three of those are commonly polymorphic
across the three populations (Fig. 3b). The most com-
mon three-marker haplotype in European chromosomes
(GGC 58.8%) is absent in HCG and rarer in YRS
(12.3%). Previous studies of FUT2 (Koda et al. 1996,
2003; Liu et al. 1999) have shown increased diversity
between subpopulations, high FST between Asian and
non-Asian populations, and elevated measures of
heterozygosity in Europeans and Africans (by Tajima’s
D). The FUT2 gene encodes a protein responsible for
determining an individuals’ A, B, and O blood protein
secretor status. Numerous association studies have been
performed and there is some suggestion that variation
in this gene may be protective against respiratory
pathogens, helicobacter pylori, and HIV-1 (Ali et al.

2000; Hamajima 2003; Raza et al. 1991; Schaeffer et al.
2001).

The CAV2 cluster, containing the functionally related
CAV1 and CAV2 genes, showed the strongest signal for
selection in the DAF test in HCG (Fig. 1d). The hap-
lotype structure of this region in the three populations
reveals the nature of this outlier (Fig. 3c). Specifically
the derived haplotype, TTTTTCT, is much more fre-
quent in the HCG than the CEU or YRS, suggesting a
possible selective sweep in Asia. The CAV2 and CAV1
genes encode Caveolin proteins which function as scaf-
folding structures in cholesterol rich lipid rafts in many
cell types (neurons, immune cells, and endothelium)
(Cohen et al. 2004).

The most striking result in the REHH test is a hap-
lotype of ABCC1 that shows unusual extent in Euro-
pean samples (Fig. 2b, d). ABCC1 (or multi-drug
resistance protein 1, MRP1) is one of a family of multi-
specific organic anion transporters, which can protect
cells against negative or neutrally charged drugs (Wijn-
holds 2002). Mouse models have suggested a role for this

Fig. 2 REHH versus frequency distribution. In each population, we
examined every variant of every haplotype block in the 168 gene
dataset. Here we plot the REHH (REHH—a measure of haplotype
specific LD, Materials and methods) against the haplotype variants
frequency at 0.04 marker breakdown from the core. Lines represent
from bottom to top the 95th and 99th percentiles. As reference we
indicate positive controls from independent studies using HapMap
data (red squares): HBB from HapMap YRS and LCT in HapMap
CEU. a. A haplotype variant in APCS shows an increased REHH
value given its frequency in the HCG (p-value=1.72E-05).

b. ABCC1 is an outlier in the CEU (p-value=4.86E-10). c. A
variant in VAV3 is an outlier in the YRS (p-value=5.89E-07). d-f.
Analysis of ABCC1 structure in the CEU. d. Frequencies and
phylogenetic tree of haplotypes at ABCC1 (GTCT defined as
ancestral haplotype based on consensus allele for three primates,
size of box indicates frequency of haplotype). e. EHH and REHH
plotted for each core haplotype at each distance from the core
region. f. Haplotype birfurcation diagrams of the cores at ABCC1.
The 51%maroon haplotype has apparently extended LD compared
to the 34 and 11% haplotype at the locus. (EHH p-value=0.044)
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gene in the resistance to Streptococcus pneumoniae
(Schultz et al. 2001). APCS, the serum amyloid P com-
ponent gene, and VAV3, a hemopoeitic cell specific
guanine nucleotide exchange factor involved in actin
rearrangement, show possible extended LD given their
frequency in HCG and YRS, respectively (APCS Fig. 2a
and Supplemental Fig. 1a–c; VAV3 Fig. 2c and Sup-
plemental Fig. 2d–f). One important note is that the
Duffy locus is included in this dataset and does not show
an REHH signal in this dataset or in similar data from
the HapMap (not shown). This suggests that REHH
may be limited in its ability to detect certain selection
events. We examine the power of the REHH test with a
simulated dataset in Supplemental Table 3.

In summary, by applying four tests of selection on
each of 168 genes in three populations, we identified six
outliers that provided unusual patterns of genetic
variation that could be consistent with signatures of past
selection. As noted above, these signals do not represent
definitive evidence for selection, but simply highlight
candidate regions that might justify greater scrutiny. In
particular, as SNP ascertainment bias and statistical
fluctuation can result in false positive signals of selec-
tion, genotyping, and resequencing in additional cohorts
will be required.

As an initial assessment of whether statistical fluctu-
ations explained these outliers, we examined the avail-
able data collected by HapMap for these six genes.
While this dataset has very similar issues of SNP
ascertainment bias, as an independent set of SNPs and
(for the HCG and YRS) DNA samples HapMap pro-
vides information with regard to statistical fluctuation.

Of the loci identified by tests of frequency distribu-
tion, none were strongly confirmed in the HapMap data.
No signal was observed at CAV2 nor Il-9, suggesting
either (a) that our original signal was a statistical fluc-
tuation or due to ascertainment bias, or (b) that non-
overlapping ascertainment issues in the HapMap data
may have obscured a true signal. Perhaps not unex-
pectedly (given the previous literature on the gene) FST

values were again moderately elevated at FUT2 in the
HapMap data (0.25 CEU|HCJ, 0.23 CEU|YRI, 0.26
HCJ|YRI), although not as extremely as in the data we
collected. These results are not particularly striking in
comparison to the overall distribution of HapMap data
(highest rank of the three was 708 of 9,704, empirical
p-value=0.07, for the CEU|HCJ).

In contrast, the outliers in the EHH/REHH test were
again observed in the HapMap data. We observed a nine
SNP haplotype at ABCC1 in Europeans that overlaps
with the area previously highlighted, which shows a
similar signal: a 44% haplotype with extended LD (EHH
of 0.28, p-value=0.024; REHH of 5.1, p-value=0.007).
While the individuals used in this study overlap largely
with theHapMapEuropean samples, the SNPs employed
are distinct. The VAV3 extended haplotype signal in
Yoruba is also observed in the HapMap Yoruba dataset.
Specifically, we observe a nine SNP haplotype at VAV3 at
with a statistically significantly extended haplotype sim-
ilar to what we report here (frequency of 30%; EHH of
0.41, p-value=0.006; REHH of 6.7, p-value=0.002). For
APCS we found an 11 SNP haplotype at 43% also
significantly extended by REHH (EHH of 0.22,
p-value=0.085; REHH of 6.6, p-value of 0.015). These
data demonstrate that all three EHH/REHH results are
outliers when compared to the genome-wide empirical
distribution from the HapMap project.

This characterization of 168 genes supports a number
of conclusions, and suggests hypotheses for future re-
search. First, for laboratories interested in association
studies of genes involved in the immune response, our
dataset offers additional data (along with HapMap and
the Perlegen data) to select tag SNPs for association

Fig. 3 Comparison of Haplotypes of IL9, FUT2, and CAV2
regions between populations. a IL-9- haplotype alleles for the six
SNPs polymorphic in all three populations. Notice that the most
common haplotype in CEU and HCG chromosomes is half as
frequent in YRS chromosomes. b FUT2—Of 13 SNPs polymorphic
in at least one population, only four are polymorphic in the HCG
and only three of those are commonly polymorphic across the three
populations. These SNPs are in strong LD in CEU and YRS but
not in HCG (see Supplemental LD plots). The most common three-
marker haplotype in European chromosomes (GGC 58.8%) is
absent in HCG and rarer in YRS (12.3%). c. CAV2—Haplotype
allele frequencies reveal a seeming reduction in haplotype diversity
in the Han Chinese. The second most common haplotype in
Europeans and Yoruba (TTTGGCT 25.5/27.0%) is absent in the
Han Chinese
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studies. Second, we have piloted the search for signa-
tures of evolutionary selection in HapMap-style data.
Such searches are now possible genome-wide, and al-
though fraught with difficulties because of ascertainment
bias, nevertheless might hasten the discovery of medi-
cally important genes that were subject to evolutionary
selection. In this regard, our experience may offer some
guidance. Specifically, we found that the outliers in tests
of allele frequency distribution were not confirmed in a
second dataset performed under a similar design. This is
consistent with the widespread understanding that there
are many confounders in the ascertainment of SNPs in
HapMap-style characterization, and that these ascer-
tainment issues may mimic or obscure any signal of al-
lele frequency distribution that may exist.

In contrast, the outliers in the test of haplotype length
(REHH) were more robust in the second dataset. This
may not be surprising as the assessment of haplotype
length is most dependent on the ability to detect recom-
bination events in the data, which we expect to be less
sensitive to the affect of ascertainment bias on the allele
frequency distribution (given adequate marker density).

We have provided data to suggest that six genes are
more likely candidates to have undergone evolutionary
selection, and thus could justify further analysis to
confirm or deny whether this is the case. Interestingly,
this could be taken to imply that most of the 168
immunological candidates have not undergone recent
selective events. However another possibility is that our
dataset and analyses are limited in their ability to iden-
tify cases of selection that are not extreme. We favor this
interpretation and believe that one likely limitation is
that SNP coverage in a subset of our regions may limit
our power to detect a signal based on the frequency-
based methods we use here. Moreover our power cal-
culations in Supplemental Table 3 reveal limitations in
the REHH method for certain selection scenarios full
such as selective sweeps.

To further investigate our potential hits, as well as,
the possible false negativity of most of the 168 genes, we
turned another traditional test of selection: the com-
parison of rates of non-synonymous versus synonymous
mutation in the coding regions (dN/dS ratios). This
method is also limited by current SNP discovery but
provides another measure of selective pressure based on
hypotheses about functionality of coding SNPs.

A recent study of dN/dS ratio differences between
chimpanzees and humans in over 20,000 genes has been
published (Nielsen et al. 2005). In this study Nielsen
et al. report increased non-synonymous mutations in
immunity and defense related genes. Only 125 of our 168
selected genes were included in the Nielsen study and of
that only 63 met inclusion criteria for analysis (>50 bp
and >2 mutations reported). None of these 63 genes
had a significant p-value, including three of the six
possibly selected genes we discuss here: VAV3, APCS,
and ABCC1. The CAV2 and FUT2 loci were not ana-
lyzed by Nielsen but were analyzed in an earlier study by
Clark et al. (2003). Clark found no significant evidence

at these two loci. The IL9 locus was not studied by
Nielsen or Clark. This does not necessarily rule out a
selective event at these genes. Rather this data may
suggest either non-neutrally evolution in both chim-
panzees and humans or, more likely, that the putative
selected variation does not lie in the coding sequence of
these genes. In either case further analysis will be re-
quired to confirm the possibility of recent evolutionary
selection at these six genes, and in particular APCS,
VAV3, ABCC1, and FUT2.

Materials and methods

Description of population samples

All YRS participants were recruited from a Yoruba-
speaking rural community in Southwest Nigeria as part
of a larger study of the genetics of hypertension. Study
protocols were reviewed and approved by the institu-
tional review boards at University College Hospital, I-
badan, and Loyola University Medical School. Written
informed consent was obtained from the participants.
The detailed sampling frame was described in our pre-
vious studies (Cooper et al. 1997, 2002). All CEU sam-
ples obtained from the Coriell Cell Repository and
drawn from the collection of Utah CEPH pedigrees of
European descent (see Coriell website, Electronic-
Database Information). All the HCG samples were re-
cruited from volunteers between April and June 2001.
Two sites were chosen in Guangxi Province, southern
China for a study examining the genetics of Nasal
Pharyngeal Carcinoma. Study protocols were reviewed
and approved by Chinese Human genetic resource
committee and the National Cancer Institute. These
volunteers were recruited from the Cancer Research and
Control Institute in Wuzhou City and the Cangwu
County Cancer hospital, located about 20 miles from
Wuzhou. Written informed consent for the HCG sam-
ples was obtained from all study participants or a legal
guardian for participants under the age of 18.

SNP Selection

The SNPs were selected from public databases in mul-
tiple batches over a 1.5 year period from July 2002 to
December 2003 (indicated with ‘‘rs’’ names). Preference
was given to ‘‘double hit’’ SNPs (85% qualify as double
hit SNPs based on current database, 46% have been
typed as part of the International Haplotype Map pro-
ject). A small subset of SNPs was derived from Perlegen
(12.7%) and Celera (2.5%) databases which were at the
time proprietary and are now publicly available (indi-
cated with ‘‘pr’’ and ‘‘hCV’’ names in our dataset).

Simulations

We used a computer program that simulates gene his-
tory with recombination based on a neutral model of
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evolution described elsewhere (Schaffner et al. 2005;
Hudson 1990). The published model includes a demo-
graphic model and a model of non-uniform recombi-
nation, and was designed to generate simulated data
approximating empirical results for allele frequency
distributions, population differentiation and linkage
disequilibrium; its parameters were tuned for popula-
tions similar to those studied here (CEPH, Yoruba, and
a mixture of Chinese and Japanese). For the present
study, we simulated 1 Mb segments of DNA, one for
each sample in the three populations. The SNP ascer-
tainment was modelled on the selection strategy used by
the SNP Consortium (Sachidanandam et al. 2001),
which was the source of most of the SNPs in our study.
For this purpose, a subset of the simulated chromo-
somes was withheld from analysis and used to create a
simulated reference genome and low-coverage shotgun
reads; sites that differed between reference and shotgun
read were treated as having been ascertained. We did not
attempt to model the bias toward double-hit SNPs. This
bias has little effect on the FST and derived frequency
tests, and means that the tests for heterozygosity and
excess low-frequency alleles are conservative; only for
the excess high-frequency alleles test is the simulation
anticonservative.

We generated 1,000 simulated loci, each containing a
full set of chromosomes for each population. Within
these loci we identified regions 120 kb in length with one
SNP every 4 kb to compare to the genic regions. At
longer distances, we chose SNPs one every 40 kb from
the core region for up to 400 kb.

Sequenom

The SNP primers and probes were designed in multiplex
format (average fivefold multiplexing) with SpectroDE-
SIGNER software (Sequenom), as previously described
(Walsh et al. 2003).

Illumina

Genotyping for this project was performed at Illumina
Inc., using the BeadLab system. The SNPs were selected
and screened with Illumina’s bioinformatics software,
which is used to predict optimal oligonucleotide probe
sequences for each marker. Each potential set of SNP
assay oligonucleotides was evaluated for characteristics
that included G-C content, melting temperature, self-
complementarity, and uniqueness in the genome. Based
on the results of this evaluation 1,172 designable SNP
markers (in an attempt at covering 576 individual SNP
loci) were selected for assay design and validation test-
ing. These loci were multiplexed in a single reaction
using Illumina’s GoldenGate� assay which has been
previously described by Fan et al (2004). Out of these
designable SNPs, data was returned for 547 out of the
requested 576 loci.

ParAllele

Once the batch of SNPs in and around the candidate
genes was selected, a homology sequence was selected
based on Tm optimization. This optimization produced
homology sequences around 40.4 bases long centered
over the SNP and complementary to the genomic se-
quence surrounding it. This homology sequence was
BLASTed against the genome to determine whether the
sequence was unique in the genome (unique is defined as
an exact match to only one position). If the exact se-
quence appeared more than once, the probe was not
synthesized. This was the only filter used. Next, a tag
sequence unique among the batch of assays and com-
plementary to a feature on the detection chip system was
added. No consideration was given to the degree of
complementarity of sequences within the batch. Thus,
probes can target overlapping sequences since the geno-
mic DNA is not saturated with hybridized probe. All
probe batches were manufactured by ParAllele Biosci-
ence (South San Francisco, CA, USA) using its pro-
prietary MIP probe synthesis procedures and are
commercially available (MegAllele� kit, ParAllele Bio-
Science). This process is a pooled procedure, which re-
sults in a pool of up to 12,000 probes, which are tested
using pooled QC procedures. The genotyping reactions
were carried out using the standard protocols recom-
mended by the manufacturer at the NCI LGD. The MIP
assays are carried out in 96 well plates using 12 individ-
uals per plate for each of four allele channels using the
MegAllele genotyping kit (ParAllele Bioscience). Each of
the four MIP reactions was mixed with 500 ng of geno-
mic DNA. These SNPs were assayed using a four color
MegAllele assay kit from ParAllele Bioscience. The
scanner used is a CCD camera with a broadband exci-
tation lamp (GeneChip AT Scanner, Molecular Devices,
Union City, CA, USA). Data from each chip is collected
using four different filters to yield the four images that
are processed in a manner identical to the data from the
two chips that are used in the two color protocol.

Snap

Snap is a Java-based program, derived from Haploview
(Barrett et al. 2005), that allows for the visualization and
analysis of genotype data from multiple populations and
multiple regions of the genome simultaneously (Fry et al
in preparation). It displays genes and SNPs in each re-
gion, SNP genotyping success, D’ plots (Lewontin 1995),
haplotype blocks, block tagging SNPs, the correlation
coefficient r2 for all regions and all populations. Using
Snap we created D’ plots and haplotype variation plots
for all genes and populations.

Minor allele frequency analysis

We calculated the MAF for all SNPs genotyped suc-
cessfully in all three populations. We broke up gene
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clusters into regions of up to 40 SNPs and 160 kb. All
allele frequency analysis was carried out on 1,000 inde-
pendent simulated regions of roughly 30 SNPs over
120 kb. We assessed the fraction of SNPs for each re-
gion that have MAF less than 10% and the fraction of
SNPs that have MAF greater than 40%.

Derived allele frequency

We calculated the DAF for all SNPs where ancestral
allele status could be determined with high likelihood by
genotyping a representative chimpanzee, gorilla, and
orangutan. If there were a consensus primate allele
across all successfully genotyped primates, it was iden-
tified as the ancestral. Otherwise, no ancestral allele was
determined. We assessed the fraction of SNPs for each
region that have DAF less than 20% and the fraction of
SNPs that have DAF greater than 80%.

FST and H

Mean pairwise distance fixation index FST was used to
calculate genetic differentiation between the three pop-
ulations (Akey et al. 2002; Nei and Chesser 1983). FST

partitions the total variance into within and between
population components, quantifying the inbreeding ef-
fect of population substructure.

Nei’s measure of heterozygosity (Nei 1987) the
probability that any two randomly chosen samples from
a population are the same, was used to calculate SNP
diversity:

p ¼ n
n� 1

1�
Xk

i¼1
p2

i

 !

where n is the number of gene copies in the sample, k s
the number of haplotypes, and pi is the frequency of the
ith haplotype.

Allelle frequency p-values

p-values were calculating using the mean and standard
deviation of the simulated regions. We did a Bonferroni
correction for the 55 regions tested with adequate cov-
erage across the local gene region.

EHH and REHH analysis

Extended haplotype homozygosity (EHH) assesses the
age of each haplotype at a gene by measuring the decay
of the extended (SNPs far away from the gene) ancestral
haplotype, which occurs over time with recombination.
For a population of individuals sharing core haplotype
X, ‘EHH’ is the probability that any two randomly
chosen samples of core haplotype X have the same

extended haplotype (Sabeti et al. 2002). The EHH is
calculated as:

EHHHt ¼

Ps
i¼1

eit

2

� �

ct

2

� �

where EHH is the extended haplotype homozygosity, t is
the core haplotype tested, c is the number of samples of
a particular core haplotype, e is the number of samples
for a particular extended haplotype, and s is the number
of unique extended haplotypes.

To correct for local variation in recombination rates,
we compare the EHH of a tested core haplotype to that
of other core haplotypes present at the locus, using the
measure relative EHH (REHH). The REHH is the fac-
tor by which EHH decays on the tested core haplotype
compared to the decay of EHH on all other core hapl-
otypes combined. One must first calculate the ‘ EHH’,
the decay of EHH on all other core haplotypes com-
bined. For this we use the following equation where n is
the number of different core haplotypes:

EHH ¼

Pn
j¼1;j 6¼1

Ps
i¼1

ei

2
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Ps
i¼1;i6¼1

ci

2

� �

The relative EHH (REHH) is simply EHHt
�
EHH.

EHH and REHH were calculated for all haplotypes
in all haplotype blocks in the 64 studied regions and
1,000 simulated regions. Haplotypes were placed into 20
bins based on their frequency. p-values were obtained by
log-transforming the EHH and REHH in the bin to
achieve normality, and calculating the mean and stan-
dard deviation. We did a Bonferroni correction for the
64 regions tested. All analysis was carried out using the
SweepTM software program (PCS et al. in preparation).

REHH test power estimation

To estimate the power of the REHH method, we first
simulated 500 regions of DNA under neutral evolution,
1 Mb in length, in data samples matching the 120
chromosomes in CEU, YRI, and HCB populations
(Schaffner et al. 2005). We then modified the program to
generate simulations of selective sweeps for 200 regions
of DNA, 1 Mb in length, in 120 chromosomes in each of
the three populations. We tested the power to detect
selection for a variety of parameters including popula-
tion examined, date of origin of the selected mutation,
frequency attained by the selected mutation, and the
genetic distance at which REHH is examined. Overall,
our power to detect selection is greatest with the Yoruba
and weakest with the Asian population, which is likely
due to the greater degree of population bottlenecks in
the Asian population. The REHH method, in its current
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form also has greater power at detecting partial sweeps
than complete sweeps, and is being modified to better
detect complete sweeps (PV, BF, ESL, PCS unpublished
data). The Supplemental Table 3 presents the fraction of
simulations for which a signal of selection was identified
at a genetic distance of 0.04 ‘observed historical
recombination’ using a strict cut off (p-value 0.0000316)
for a variety of parameters of positive selection.
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